Dobrava-Belgrade virus · Hantavirus · Acute kidney injury · Interstitial nephritis · Hemorrhagic fever with renal syndrome Abstract Purpose: Human infection with Dobrava-Belgrade virus (DOBV) in Northern Germany causes a mild form of hantavirus disease predominantly characterized by acute kidney injury due to interstitial nephritis. We evaluated the largest number of DOBV-infected patients so far regarding clinical course, proteinuria, and prognostic markers. Patients and Methods: Patients with DOBV-associated hantavirus disease admitted to the Renal Division of the University of Lübeck (Germany) between 1997 and 2012 were included in this study. Symptoms, clinical course, laboratory parameters, and urinary protein analysis were investigated at admission (baseline, t 0 ), 3-5 days (t 3-5 ), 10-17 days (t 10-17 ), and after 1 year of follow-up (t 365 ). Results: Of the 34 patients (male/female ratio: 23/11; age: 41 ± 14 years) included in the study, 4 underwent hemodialysis (HD). Glomerular filtration rate was 17 ± 14 mL/min at t 0 and increased to 27 ± 26 mL/min (t 3-5 ), 57 ± 20 mL/min (t 10-17 ), and 84 ± 16 mL/min (t 365 ). Albuminuria and tubular proteinuria (α 1 -and β 2 -microglobulin) decreased during follow-up; the urinary α 1microglobulin concentration in patients who required HD was significantly higher than that in patients not requiring HD (t 0 : 186 ± 51 vs. 45 ± 26 mg/g creatinine; t 3-5 : 87 ± 14 vs. 32 ± 16 mg/g creatinine; t 10-17 : 63 ± 18 vs. 28 ± 12 mg/g creatinine; p < 0.001). Conclusions: DOBV infection of inpatients in Northern Germany is associated with severe kidney injury that recovers within a few weeks and normalizes within 1 year. Tubular proteinuria is associated with the severity of kidney injury and the necessity of renal replacement therapy in these DOBV-infected patients.
Introduction
Worldwide, approximately 60,000-150,000 people are hospitalized every year with hantavirus infections. In Germany, up to 3,000 cases of hantavirus disease are registered annually [1] . Hantaviruses (Bunyaviridae family) are single-stranded, negative-sense RNA viruses that reside asymptomatically in small animals as natural hosts and are transmitted to humans via aerosolized urine, saliva, or feces of the infected animals. In humans they cause two potentially fatal febrile diseases, namely hemorrhagic fever with renal syndrome (HFRS) and hantavirus cardiopulmonary syndrome [2, 3] . Instances of transmission through humanto-human contact are only anecdotally reported from South America.
Different hantaviruses can exhibit different pathogenicity in humans, with case fatality rates of up to 50% [3] . In Europe, Puumala virus (PUUV) and Dobrava-Belgrade virus (DOBV), naturally hosted by bank voles and various Apodemus mice species, respectively, are the most important pathogens [3, 4] . The DOBV species encompasses different virus types with quite different virulence in humans; these are the type Dobrava and the type Sochi causing moderate to severe HFRS on the Balkans and in Southern European Russia on the one hand and the Kurkino type on the other [5] . So far, groups of HFRS patients infected by DOBV-Kurkino were reported from European Russia [6] and Northeastern Germany [7] . It seems that the clinical course after DOBV-Kurkino infection is rather mild with a case fatality rate of about 0.5%, resembling those of PUUV infections [6] [7] [8] ; however, also severe cases exhibiting not only renal but also pulmonary failure have been described [9] .
Whereas extensive clinical characterization of HFRS caused by PUUV (also called nephropathia epidemica [NE] ) and DOBV-Dobrava have been published by some authors mainly from Finland, Sweden, Germany, and Southeastern Europe, there is an urgent need to estimate clinical criteria, including parameters of disease severity and prognosis, for patients infected by DOBV-Kurkino virus circulating in Germany.
The symptoms of HFRS usually appear 2-3 weeks after infection, and the progression of the disease is categorized into several stages: the febrile, hypotensive, oliguric, and diuretic phases, followed by convalescence. The initial symptoms include fever, body pain, and respiratory and gastrointestinal disorders, followed by a reduction in platelet levels, proteinuria, and onset of renal failure. PUUV and DOBV can cause acute interstitial nephritis with kidney injury [7, 10] . However, the clinical diagnosis of the disease is difficult, and serological tests such as assessment of specific IgG and IgM antibodies against the virus are generally used for diagnosis [1] .
Tubular proteinuria occurs in interstitial renal disease and is caused by a reduced reabsorption of low-molecular-weight proteins (α 1 -and β 2 -microglobulin) that are normally ultrafiltered at the glomerular level and reabsorbed by the tubular epithelia [11] . The qualitative analysis of proteinuria is usually performed by electrophoresis on cellulose acetate or agarose after protein concentration. However, evaluation of proteinuria in DOBV infection and its predictive value on initial hemodialysis (HD) and prognosis has not been performed so far. In this study, we analyzed the clinical symptoms and proteinuria within the largest series of DOBV-infected patients in Central Europe. We report on the use of urine protein parameters such as levels of albumin, IgG, as well as α 1 -and β 2 -microglobulin as prognostic markers for Dobrava-Belgrade hantavirus infection.
Patients and Methods

Patients
A total of 34 patients with acute renal failure of unknown origin were admitted to the University of Lübeck's emergency department between 1997 and 2012. All patients (23 male, 11 female; age range 22-60 years, mean ± SD: 41 ± 14 years) resided in rural areas and had been healthy prior to the viral infection. All patients denied any previous history of kidney disease, use of prior medication, and pursuance of temporary employment abroad at the assumed time of infection. HD was required in 4 of 34 patients because of hyperkalemia (2 patients) and uremic symptoms with severe acidosis (2 patients); kidney biopsy was performed in 6 patients (biopsies were analyzed in the Pathology Department of the University Clinic of Hamburg, Germany) since serological tests yielded ambiguous results and renal impairment showed no improvement within the first 7 days after hospital admission. On the day of admission, routine laboratory parameters were determined, including measurement of serum creatinine, urea, potassium, as well as blood gas and thrombocyte levels. Spontaneous urine as well as collected urine (collection period of at least 8 h) were used for urinalysis.
Urinalysis and Serological Tests
Quantitative analysis of urinary proteins was performed using a standard immunoluminometric assay [12, 13] . The urinary concentrations of albumin, IgG, and α 1 -microglobulin were measured with an automatic nephelometer (S100; Dade Behring, Schwalbach, Germany). For detection of β 2 -microglobulin, a 10-µL urine sample was diluted in phosphate buffer (0.05 M phosphate, 0.15 M NaCl, 0.05 M PBST, pH 7.5) and incubated with anti-β 2 -microglobulin antibody (1: 200; Dade Behring)-coated polystyrene beads for 90 min. Then, the samples were washed and 200 µL ABEN-conjugated anti-β 2 -microglobulin antibody (1: 200) was added. Oxidation of ABEN was initiated with H 2 O 2 after 60 min of incubation, and emission was detected using a luminometer (CliniLumat LB 953; Berthold, Bundoora, Australia). The concentrations of standard proteins were measured in parallel to derive a reference graph for quantification of test proteins in the urine samples. Reference values were defined as Values are presented as mean ± standard deviation, n/n, or n (%). <25 mg albumin/g creatinine, <14 mg α 1 -microglobulin/g creatinine, <2 mg β 2 -microglobulin/g creatinine, <2 mg α 2 -macroglobulin/g creatinine, and <10 mg IgG/g creatinine. All other laboratory parameters were measured using standard procedures. Hantavirus infection was determined by IgG and IgM enzyme-linked immunosorbent assays (ELISAs) using hantavirus species-specific nucleocapsid proteins. Positive and uncertain ELISA results were confirmed by a commercial immunoblot assay (recomLine Bunyavirus IgG/IgM; Mikrogen, Neuried, Germany).
Nine DOBV-positive samples were further characterized using the chemiluminescencefocus reduction neutralizing test [7] . Reciprocal neutralizing titers of ≥1: 40 were considered positive. The following virus strains were used for neutralization assays: PUUV, strain Sotkamo [14] ; DOBV-Kurkino, strain Slovakia [15] ; DOBV-Dobrava, strain Slovenia; and DOBV-Sochi, strain Ap1584 [16] .
Statistics
Continuous variables are expressed as means ± standard deviations. Qualitative variables are expressed as numbers and percentages in each class. All data were assessed for normality of distribution and equality of variance. For differences between the groups, the paired t test or the Mann-Whitney rank-sum test was used. Qualitative variables were tested using χ 2 or Fisher exact test. ANOVA on ranks was used to calculate the difference of tubular proteinuria between patients with or without HD treatments. A p value <0.05 was considered to be significant. Statistical analysis was performed using the SigmaPlot 13.0 software (Systat Software GmbH, Erkrath, Germany).
Results
A total of 34 patients with serologically confirmed DOBV infection were included in the study. The average age of the patients was 41 years, and more male patients (68%) were admitted to the hospital than female patients (32%) with symptoms of renal failure. The patients had been healthy prior to the infection, with a mean body mass index of 28.3, and had exhibited various symptoms for at least 6 days before being admitted to the hospital. The most prevalent symptoms were high-grade fever (82.4%) accompanied by flank pain (52.3%) and nausea (41.2%) ( Table 1) .
On average, serum creatinine levels were elevated (728 μM) and the estimated glomerular filtration rate was low (7 mL/min/1.73 m 2 ) at baseline (time of admission) ( Table 2) , indicating kidney failure. The serum creatinine concentrations in the dialyzed patients were higher than those in the undialyzed patients, but the difference did not reach statistical significance (p = 0.068, Mann-Whitney rank-sum test) ( Table 3 ). In addition, the C-reactive protein and leukocyte levels were high in all patients, which was indicative of infection. In contrast, the mean platelet count (165/nL) was significantly lower at baseline (Table 2) , which represented a characteristic sign of HFRS. These parameters improved gradually with time and returned to nearly normal levels within 1 year of follow-up (Table 2) .
Urinalysis revealed elevated levels of albumin (711 ± 579 mg/g creatinine), β 2microglobulin (11 ± 29 mg/g creatinine), α 1 -microglobulin (92 ± 199 mg/mg creatinine), and IgG (144 ± 83 mg/g creatinine) ( Table 4 ). The urinary levels of α 2 -macroglobulin were also elevated at baseline, suggesting postglomerular proteinuria, since α 2 -macroglobulin does not pass the glomerular basement membrane (Table 3 ) [17] . However, all the above parameters gradually returned to physiological levels in the course of the 1-year follow-up, which coincided with improvement in the patients' symptoms and health ( Values are presented as mean ± standard deviation. eGFR, estimated glomerular filtration rate (CKD-EPI formula); HD, hemodialysis; MiG, microglobulin. * p < 0.05 (Mann-Whitney rank-sum test). All kidney biopsies showed diffuse interstitial infiltrates of mononuclear cells in the renal cortex (>25% of the parenchyma affected) with active invasion of tubules consistent with severe signs of acute tubule inflammation. Trichrome staining showed cellular interstitial infiltrates in the outer medulla, but also renal vascular endothelial injury with erythrocyte extravasates in the cortex-medullary border. The latter histopathological finding is strongly consistent with acute hantavirus infection [18] . Electron microscopy did not show any severe glomerular damage.
Comparison of the urinary α 1 -and β 2 -microglobulin levels between patients who did or did not undergo HD revealed that these ratios were higher in the patients who needed HD (Table 3) , highlighting the severity of their symptoms among the cases studied. Interestingly, these ratios decreased with time in both groups (HD versus non-HD) (Fig. 1a, b) . Nonetheless, correlation analysis showed a significant association between urinary α 1 -and β 2 -microglobulin levels and the severity of kidney injury, reflected by the serum creatinine concentration at hospital admission (t 0 ) (p < 0.001, r = 0.89 Spearman rank-order correlation). Interestingly, no correlation between creatinine values and tubular proteinuria was observed at hospital discharge (t [10] [11] [12] [13] [14] [15] [16] [17] ).
In contrast, the ratios of urinary albumin and urinary IgG drastically decreased with time (3-7 days) in both groups to almost similar levels (p ≤ 0.05; Fig. 1c, d) . The creatinine levels also decreased in both groups by 10-17 days (Fig. 2a ). However, renal function and glomerular proteinuria did not show significant correlation (p = 0.09, r = 0.74 Spearman rank-order correlation).
On the contrary, the thrombocyte (platelet) numbers increased and plateaued in the HD group, whereas they showed an increasing trend in the non-HD group after 10-17 days of follow-up ( Fig. 2b) . Altogether, the data showed that the viral infection waned with time, resulting in improvement of renal function and pathological parameters.
Discussion
Hantavirus disease after DOBV infection is a viral hemorrhagic fever that is characterized by acute kidney injury (AKI) and thrombocytopenia. The disease is caused by interstitial nephritis associated with tubular proteinuria, which is explained by decreased tubular reabsorption of low-molecular-weight proteins after ultrafiltration in the glomerulus [19, 20] .
In our study, the urinary ratios of albumin/creatinine and IgG/creatinine were elevated in DOBV-infected patients, suggesting glomerular injury, which is not a typical finding in interstitial nephritis [19, 20] . This finding might be explained by an elevated α 2 -macroglobulin level in the urine of our patients, indicating postglomerular proteinuria, since α 2 -macroglobulin does not pass the glomerular basement membrane [18] . Another possibility might be the effacement of a podocyte foot process leading to transient glomerular proteinuria, which has been described in the case of a patient with PUUV-associated hantavirus disease, also called NE [21] . Supporting evidence that glomerular injury in our patients was not present was obtained from the results of the kidney biopsies, since glomerular damage was not verified in any of our histological kidney samples. However, the levels of α 1 -and β 2 -microglobulin were five-fold elevated above the reference values in all of our DOBV-infected patients with AKI demonstrating severe tubular damage. Tubular proteinuria has not been used to assess the progression of DOBV infections so far. In our study, we determined the level of tubular proteinuria in the urine samples of 34 patients with DOBV infection-induced renal failure at their time of admission to hospital and over a follow-up period of 1 year. These values were correlated with the status of the renal injury over time to determine whether they can be used as prognostic markers for DOBV infection. We found that the extent of tubular proteinuria in DOBV infection-induced AKI at admission showed a positive correlation with renal function and the need for renal replacement therapy. On the other hand, tubular and glomerular proteinuria showed no positive correlation with renal function or clinical outcome at hospital discharge, indicating the self-limiting character of the disease. Interestingly, the urinary proteins of our patients were still elevated at 1-year follow-up, which has also been reported in PUUV infections after a follow-up period of 7-35 months [22] . It is not clear whether this persistent proteinuria in DOBV-infected patients indicates chronic kidney injury. However, persistent proteinuria was not associated with chronic kidney injury or other long-term consequences in patients with NE [22] .
Glomerular proteinuria is used as a predictive marker for Puumala hantavirus-induced interstitial nephritis [23] ; a dipstick albumin assessment was performed on 205 patients with acute PUUV infection upon hospitalization, and the amounts of albumin, IgG, creatinine, and α 1 -microglobulin were determined for 3 consecutive days. In acute PUUV infection, maximum median proteinuria values preceded the most severe phase of AKI by a few days [23] . Therefore, simple dipstick albumin testing was able to predict upcoming AKI. Similarly, proteinuria (a dipstick protein value of >1.5 g/L [RR 1.59, 95% CI 1.09-2.33; p = 0.016]) was shown to be associated with oliguric or anuric HFRS induced by PUUV or DOBV in an analysis of 128 patients in Zagreb, Croatia [24] . Remarkably, only 21% of these hantavirus-infected patients were tested positive against DOBV, and multivariate analysis did not differentiate between DOBV-and PUUV-infected patients [24] . This might explain why glomerular proteinuria was not able to predict the clinical course of our patients with DOBV-associated AKI. Moreover, DOBV-Kurkino hantavirus infections in Northern Germany have been reported to cause milder disease compared to DOBV infections on the Balkans and in Southern Europe [6] [7] [8] , suggesting different predictive urinary protein markers for AKI. Since only 4 of our DOBV-infected patients needed renal replacement therapy, the conflicting results compared to other larger studies might also be explained with our small sample size.
A cross-sectional prospective study of 456 PUUV-infected patients in Germany revealed that 88% had AKI. After a follow-up of 7-35 months, all patients had detectable hantavirusspecific IgG, 25% had hematuria, whereas only 7% showed proteinuria. Therefore, proteinuria was not considered to have long-term clinical consequences, unlike hematuria [24] . However, peak creatinine levels were higher and proteinuria was present in the patients with severe thrombocytopenia, a characteristic of NE [24] [25] [26] . These results are in line with our observation that the amount of glomerular and tubular proteinuria does not influence the longterm outcome and renal function of patients with DOBV-associated AKI.
Few parameters other than the amount of protein excreted in the urine are used to assess and predict the severity of NE. For example, Bunz et al. [27] showed that the peak creatinine concentrations in PUUV-infected individuals with AKI showed significant correlation with high plasma levels of urinary neutrophil gelatinase-associated lipocalin (uNGAL), urine albumin/creatinine ratio, urine protein/creatinine ratio, and urine dipstick protein levels. Among these, uNGAL accurately predicts the severity of AKI in NE. A prospective study using a cohort of 118 Scandinavian patients hospitalized with NE showed that, unlike high C-reactive protein levels, high interleukin-6 levels correlated with the severity of NE along with the presence of other predictive factors such as high leukocyte count, low platelet count, urinary protein excretion, and urinary output. Thus, interleukin-6 levels could be used as a predictive marker for PUUV-associated NE [28] . The same group showed that the levels of urokinasetype plasminogen activator receptor (uPAR) were upregulated during PUUV infectioninduced renal inflammation and that the levels of fractionally excreted soluble uPAR correlated with the acuteness of the infection and proteinuria and decreased with convalescence. This was an important finding, as uPAR is known to upregulate β3 integrins, receptors that are utilized by the virus for entering endothelial cells. Therefore, uPAR levels are a direct readout for the severity of the infection and its subsequent effects, such as reduced platelet count, proteinuria, or urinary output [29] .
In a study by Rasche et al. [30] , a low platelet count (<60 × 10 9 /L) appeared as a predictive marker of a severe clinical course of acute renal failure in 15 patients with NE. In contrast, our results showed similar platelet concentrations in DOBV-infected patients with or without HD therapy, indicating that platelets are not predictive in DOBV-associated kidney injury.
In our study, we identified several factors that could be used to assess the severity and progression of DOBV infection. Although the initial symptoms of DOBV-Kurkino and PUUV infections in Germany are similar, the manifestation of DOBV has not been reported in larger patient population so far, and therefore the determination of its prognostic features was essential. Similar to those of PUUV infection-induced AKI, the stage and severity of DOBV infection-associated renal damage could be predicted by the levels of several proteins (α 1and β 2 -microglobulin) found in the urine of renal reabsorption-impaired patients. Interestingly, the levels of α 1 -and β 2 -microglobulin were higher in the patients who required HD than in those who did not require HD, indicating that these parameters correctly predicted the severity of the disease and could hence be used for diagnosis and deciding the mode of treatment. However, estimation of proteinuria might also be coupled with the determination of other related markers such as uPAR and uNGAL for a more accurate prognosis.
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